The aim of this study was to evaluate the insecticide activity of diatomaceous earth (DE), at different temperatures, on two populations of Tribolium castaneum and Rhyzopertha dominica previously diagnosed as resistant and susceptible to phosphine. The efficiency of DE in the control of the insects was evaluated at temperatures of 20, 25, 30, 35 and 40 ± 2 ºC. The experiments were accomplished in Petri dishes containing 35 g of whole-wheat grain treated with DE in the dose of 1.0 kg t -1
INTRODUCTION
Brazil stands on the world stage as one of the largest producers of wheat grain, with a production capacity of 5.8 million t in 2010/2011 crop season (CONAB, 2011) . However, considerable grain losses are recorded because the insect pests attack. The species Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae) and Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) are important pests of wheat grain and its byproducts. They are found in virtually all storage and processing units of Brazil (Pereira, et al., 2008; Aguiar et al., 2010) . The control of these insects is done with the use of protective insecticides, organophosphates and pyrethroids and the fumigant aluminum phosphide Silveira et al., 2009; Sousa et al., 2009) .
The continuous and indiscriminate use of phosphine from the 80's has caused the rapid evolution of resistance in populations of insect pests of stored products (Bell, 2000; Chaudhry, 2000; Collins et al., 2005) . Recent studies report high levels of resistance to phosphine in Brazilian populations of T. castaneum, R. dominica and Oryzaephilus surinamensis (L.) (Coleoptera: Silvanidae) (Lorini et al., 2007; ), unlike previous studies in which the phosphine resistance in insect pests of stored products was a rare event and resistance levels were low (Champ & Dyte, 1976; Pacheco et al., 1990) .
The integration of non-chemical control methods can mitigate problems related to residues in food and pest resistance by overuse of these products (Beckel et al., 2004) . The manipulation of grain temperature and the use of inert dusts such as diatomaceous earth are examples of promising nonchemical methods for the integrated management of insect pests of stored products (Flinn, 1998; Flinn & Hagstrum, 2002) . Diatomaceous earth is derived from sediment diatomaceous alga shell, and when in contact with the insects causes the removal of the wax layer of the cuticle, causing its death by desiccation (Korunic, 1998) .
Diatomaceous earth mixed with grain via dusting or spraying, controls most of the pests effectively. This product works on larvae and adult insects, clinging to their bodies as they move on the surface or within the treated grain mass (Alves et al., 2006) . Moreover, it presents some advantages such as low toxicity to mammals and environment; it does not leave harmful residues in the treated product; it is effective against insect species resistant to insecticides, and it is persistent and stable at high and low temperatures (Collins, 2006) .
The source of diatomaceous earth, the insect species, the water content and temperature of grain mass, the application method and exposure time are factors influencing the mortality of insect pests. In this respect, it was found that increasing the temperature can increase the movement of insects, providing the increase of the contact of this insects with the diatomaceous earth and consequently greater damage to the cuticle (Fields & Korunic, 2000) . However, studies are needed on the toxicity of diatomaceous earth in combination with ambient temperature for populations of insect pests of stored products with different standard of susceptibility to the insecticides currently in use. These studies are important because populations of the same species with different genotypes may show different responses to the same treatment (McKenzie, 1996; Li et al., 2007) .
Thus, the objective of this work was to evaluate the insecticide activity of the diatomaceous earth at different temperatures for populations of Tribolium castaneum and Rhyzopertha dominica, respectively, resistant and susceptible to phosphine.
MATERIAL AND METHODS
The bioassays were performed in the Laboratory of Integrated Pest Management, Universidade Federal de Viçosa. The influence of different temperatures (20, 25, 30, 35 and 40°C ) was investigated on the efficiency of diatomaceous earth in the control of the beetles T. castaneum and R. dominica.
Insect populations
Two populations of T. castaneum and two populations of R. dominica collected in the states of Mato Grosso, Minas Gerais and São Paulo were used (Table 1) , which were previously diagnosed as resistant or susceptible to phosphine (Pimentel et al., 2007) . The insects were created in glass jars with capacity for 1.5 L, kept in climate B.O.D. chambers, under constant conditions of temperature (30 ± 2 ºC), humidity (70 ± 5%) and scotophase of 24 h. As food substrate, semi-milled wheat grain for T. castaneum and whole-wheat grain for R. dominica was used. The grain presented a water content of 13% wet basis (wb) and had been fumigated with phosphine (PH 3 ) and kept under refrigeration (-18 ºC) to prevent reinfestation. R = resistant to phosphine, S = Susceptible to phosphine (Pimentel et al., 2007) Toxicity bioassays of diatomaceous earth Diatomaceous earth used was the national brand KeepDry with at least 86% of amorphous silicon dioxide (SiO 2 ) particles of about 15 m and apparent density of 200 g L -1 ; light beige color, insoluble in water and aspect of dry powder.
To evaluate the insecticidal activity of diatomaceous earth on T. castaneum and R. dominica, experiments were performed in Petri dishes (140 × 10 mm) containing 35 g of whole wheat grain with water content of 13% wb, treated with diatomaceous earth at a dose of 1.0 kg t -1 of grain. Each Petri dish was infested with 30 adult insects of T. castaneum or R. dominica, unsexed, with age varying from one to three weeks. Then, they were kept in a BOD chambers at temperatures of 20, 25, 30, 35 and 40 ± 2 °C, under constant conditions of relative humidity (70 ± 5%) and scotophase of 24 hours. The control treatment was conducted under the same conditions, using, however, wholewheat grain untreated with diatomaceous earth. The insect mortality was recorded seven days after the start of bioassays and was considered as dead insect the one which did not move on touching.
Statistical analyses
The experimental design used was a completely randomized design with three replications. Mortality data from each population were adjusted by the Abbott's formula (Abbott, 1925) and submitted to analysis of covariance, using SAS software (SAS Institute, 2002) . For significant interactions, we performed the unfolding of the data. From the values obtained, we made linear regression analysis was done as a function of temperature, using the software Sigma Plot, version 7.0 (SPSS, 2001).
RESULTS AND DISCUSSION
Mortality did not vary significantly among the populations of T. castaneum (F 1;20 = 0.96, P = 0.34), however, varied significantly among temperatures (F 4;20 = 34.80, P = 0.00). Significant interaction was found for population × temperature (F 4;20 = 5.89, P = 0.00). As no significant difference was found between the mortality of populations of T. castaneum resistant and susceptible to phosphine, mortality data from two populations of T. castaneum were submitted together to adjustments of regression as a function of temperature ( Figure  1 ). It is observed that insect mortality increased with increasing temperature, with average increase of 79.64% between the temperatures of 20 and 40 °C. The insect mortality rate was significantly high from 30 °C. Regarding the mortality of R. dominica, no significant variation was observed among populations (F 1;20 = 0.12, P = 0.73), temperatures (F 4;20 = 1.02, P = 0.42) and interaction between these two variables (F 4;20 = 3.01, P = 0.04). Because there were no significant effect on R. dominica, therefore data were not adjusted to regression models for insect mortality as a function of temperature. The mortality is represented by the average The efficacy of diatomaceous earth on the mortality of insect pests of stored products is usually affected by several factors among which stands out the temperature (Chanbang et al., 2007) . Generally, the increase in temperature favors the increase in the effectiveness of this product by stimulating the movement of insects within the grain mass, providing an increased contact of them, with the diatomaceous earth (Chanbang et al., 2007; Vayias et al., 2009) . In addiction, the insects have higher respiration rates at higher temperatures (Cotton, 1932) , and consequently the greater water loss via spiracles promoting desiccation (Zachariassen, 1991) . However, it was shown in some studies that the insect mortality can vary between species (Arthur, 2000; Vayias & Athanassiou, 2004; Athanassiou et al., 2005; Vayias et al., 2009) .
In this study, an increase was observed in the efficiency of diatomaceous earth on the mortality of T. castaneum when using higher temperatures. However, there was no effect of temperature on the toxicity of diatomaceous earth on populations of R. dominica. The lower susceptibility of adults of R. dominica compared to T. castaneum can be attributed to lower mobility of the first species in grain mass, which reduces their contact with the diatomaceous earth. The lower mobility of adults of R. dominica occurs because they have short legs, and therefore, they walk slowly when compared to adults of other species such as T. cataneum (Faroni & Souza, 2006) .
The results obtained in this study suggest that the resistance to phosphine on T. castaneum and R. dominica populations did not influence the effect of diatomaceous earth on these two insect species. As the populations of T. castaneum and R. dominica showed uniformity of response among themselves, regardless to be resistant or susceptible to phosphine, it can be stated that the mechanism that these populations used to become resistant to phosphine has no effect on the influence of the diatomaceous earth and do not prevent its action in such cases. Thus, the diatomaceous earth is an alternative product to phosphine. CONCLUSIONS 1. Diatomaceous earth is a potential alternative to be used in the development of strategies for management of phosphine resistance in insect pests of stored products, since a uniform response was observed among populations of T. castaneum and R. dominica both resistant and susceptible to phosphine.
2. Considering that diatomaceous earth was efficient at temperatures ranging from 20 to 40 °C for both T. castaneum and R. dominica, it is concluded that treatment of grains with this product may be indicated for management of phosphineresistant insect pests of stored products in tropical regions.
